ABSTRACT The pioneering study of Eyal-Giladi and Kochav (EG&K; Eyal-Giladi and Kochav, 1976) on the early developmental stages-from fertilization, through oviposition, to the gastrulation process-set the standard for characterizing chicken embryos, and has been used in numerous studies over the years. During uterine development, the chicken embryo undergoes dramatic changes, extremely rapid cell cycles, massive cell death, and axial determination processes. However, once the egg is laid, the temperature drops and the embryo enters into a diapause-like state. This phenomenon is utilized to store fertile eggs prior to incubation. The ability to resume development to hatching, following storage, relies on several factors, including the number of living cells and the embryonic developmental stage. These factors are highly influenced by the storage conditions-mainly duration and temperature. Thus, to study the effects of storage conditions on embryonic viability, a comprehensive characterization of the starting point-shortly after oviposition-is needed. In this study, we characterized freshly laid broiler eggs from Ross 308 flocks for embryonic developmental stage, total cell count, and cell viability. Using the novel highresolution episcopic microscopy (HREM) system, we show, for the first time, high-resolution 3D morphological models of blastoderms which allow for highly accurate embryonic staging. Staging was also done under a dissecting microscope thus allowing for a direct side-byside comparison of the two methods. Analysis of freshly laid blastomeres showed that the total nucleus count increases with developmental stage from ∼60,000 at stage X EG&K to ∼130,000 at stage XIII EG&K, whereas the proportion of mitotic index and dying cells at oviposition are ∼2% and ∼5%, respectively. Moreover, staging embryos from young and old flocks revealed that the blastoderms of the old flocks are more developed. Specifically, the predominant embryonic stages were XI and XII EG&K in young and old flocks, respectively. Collectively, we characterized parameters that can serve to analyze the maladaptive effects of prolonged storage under various conditions on embryo survival.
INTRODUCTION
Developmental stage and total cell number are critical in allowing the embryo to enter into diapause for a prolonged time prior to incubation and then successfully resume development once incubation is initiated. This natural phenomenon, i.e., embryo diapause at a highly critical stage of development, emanates from the need to achieve synchronized hatching in wild chickens, and is utilized by the poultry industry to store fertile eggs prior to incubation (Asmundson, 1947; Mayes and Takeballi, 1984; Brake et al., 1997) . Thus, several studies have focused on characterizing freshly laid and stored embryos and defining the optimal conditions for the longest possible egg storage without significantly reducing hatchability rates (Fasenko et al., 2001a; Bakst and Akuffo, 2002; Bakst et al., 2012; Dymond et al., 2013) . Some of these have focused on layer chicken breeds and some were done with breeds at early stages of poultry cultivation. Importantly, both broilers and layers have undergone dramatic genetic cultivation in the last decades to improve their agricultural performance.
The initiation of embryonic development begins after ovulation and fertilization in the infundibulum at the proximal end of the oviduct (Romanoff, 1960) . The uterine stages of development, until initiation of the gastrulation process (about 10 to 12 h after the egg has been laid), have been characterized in the "normal table of chicken embryonic development". This table   4399 describes 14 successive developmental stages marked in Roman numerals from I to XIV EG&K (after EyalGiladi and Kochav, 1976; Kochav et al., 1980) to distinguish them from the normal table of the Hamburger and Hamilton numbering system (Hamburger and Hamilton, 1951) . During the uterine period, until oviposition, the embryo undergoes critical steps, such as formation of the dorsoventral, rostrocaudal, and leftright axes. In addition, at these stages, the total number of cells occupying the embryo is highly dynamic. Within the first 5 to 6 h of development, the first blastomeres undergo slow mitotic cycles (stages I-III EG&K) which rapidly increase later on. When the embryo reaches stage VII EG&K, dramatic cell loss begins in the process of bilateral-symmetry and anteriorposterior axis determination (Kochav and Eyal-Giladi, 1971) . Between stages VII and IX EG&K, about 70% of the embryonic cells die (Kochav et al., 1980) . By the time the egg is laid, the embryo has reached stage X EG&K and the embryonic blastoderm is composed of an inner single epithelial cell disk, known as the area pellucida (AP), surrounded by a multilayered ring known as the area opaca (AO). Starting at stage X EG&K, cell clusters from the AP delaminate via a polyingression process in the ventral direction. A few of these cells will give rise to primordial germ cells (Karagenç et al., 1996) , while the AP will give rise to embryonic tissue and the AO will form extra-embryonic tissue. The second layer of cells that forms in the embryo is called the hypoblast (also known as the primitive endoderm) and the overlying AP cells are then termed epiblast.
Whereas epiblast cells give rise mostly to embryonic tissue, the second layer of cells, the hypoblast, will give rise to the extra-embryonic tissue. At the beginning of hypoblast formation, cells advance in a posterior to anterior direction from Koller's sickle, which is a ridge of cells at the posterior boundary between the AP and the AO. Hypoblast formation is complete after 10 to 12 h of incubation when it spans the entire epiblast (stages X-XIII EG&K). The cavity that forms between the two layers is termed the blastocoel and will be colonized by cells during gastrulation (Eyal-Giladi and Kochav, 1976; Kochav et al., 1980) . From a practical point of view, blastoderm staging requires definite identification of Koller's sickle and discrimination between polyingressing and hypoblast cells in whole-mount embryos. Under a dissecting microscope, this can sometimes be challenging since these structures are not always clear. Nevertheless, it is crucial to identify the correct position of Koller's sickle because it determines the embryonic anterior-posterior axis and allows for accurate evaluation of the progression of the hypoblast in an anterior direction. Clear identification of these morphological features can be achieved using histological sections (Kochav et al., 1980) .
The developmental stage at which the embryo can enter diapause and then successfully resume development is restricted to a narrow time window which is not entirely clear. Understanding the importance of developmental stage at the time of oviposition, following the pioneering work of Eyal-Giladi (Eyal-Giladi and Kochav, 1976) , numerous studies have characterized it in different breeds and under different conditions (Bakst et al., 1997 (Bakst et al., , 2012 Fasenko et al., 2001a; Reijrink et al., 2010) . Collectively, these studies confirmed that the predominant developmental stage at which the egg is laid is X EG&K. Notably, in more recent studies by Reijrink et al. (2010) and Bakst et al. (2012) , a sizable amount of short-term-stored embryos were at a higher stage than X EG&K.
The number of living cells is also crucially important for successful development and hatchability following diapause. The total number of cells at oviposition is estimated to be around 40,000 to 60,000 Haas, 1960, 1967) , and this has been further evaluated and reviewed in numerous studies using several methodological approaches, including Fluorescence activated cell sorting (FACS) and histological sections (Kochav et al., 1980; Petitte et al., 1990; Bloom et al., 1998; Bakst and Akuffo, 2002; Stern, 2004; Reijrink et al., 2010) . These figures highlight the rapid cell cycle in embryonic cells during the ∼22 h of the uterine period.
In this study, we describe methods for accurate developmental staging and evaluating cell count and viability. We show the first 3D high-resolution episcopic microscopy (HREM) images (Weninger and Mohun, 2007; Yang et al., 2012) of freshly laid blastoderms and demonstrate the system's usefulness for accurately staging embryos. Combined with confocal and fluorescence microscopy of whole-mount embryos and dissociated cells stained for nuclei and apoptotic/necrotic viability markers, this study characterizes the developmental stages, the total cell count, mitotic index, and cell mortality in the freshly laid modern broiler embryo. Importantly, these crucial parameters can serve as milestone criteria for evaluating the effects of different storage conditions on the embryo during diapause, and to predict hatchability rate and chick quality posthatch.
MATERIALS AND METHODS

Eggs and Egg Treatment
Fertile Ross broiler eggs were purchased from a commercial egg provider; 69 eggs were from a young breeding flock at 32 wk of age and 32 eggs from an old flock at the age of 63 wk (Ross 308). The freshly laid eggs were collected in the morning <3 h after oviposition, as further verified by measuring the eggshell temperature with an infrared thermometer (DT-886, CEM, Shenzhen, China) (Supplementary Figure S1 ). Embryos were processed without delay. Each egg was weighed and numbered; the yolk sac was placed in PBS and the blastoderms were isolated using the glass ring method as previously described (New, 1966) . Excessive yolk attached to blastoderms was cleaned with 25 mM HEPES buffer to maintain pH. Cleaned blastoderms were photographed using a size-calibrated stereoscope that allowed for comparable measurements (SZX2, and DP70 camera, Olympus, Tokyo, Japan). The embryos were staged according to the normal developmental table of EG&K, and divided into two groups. The first, for whole-mount analysis, was fixed in 4% paraformaldehyde solution in PBS, and the second was processed for cell-suspension analysis as described further on.
Whole-Mount Analysis
Whole-Mount Embryo HREM Scanning Fixed embryos were gradually dehydrated in methanol and embedded in 2-hydroxyethyl methacrylate solution (JB-4, Polysciences, Warrington, PA) containing eosin and acridin orange dyes as previously described (Weninger and Mohun, 2007; Yang et al., 2012) for 24 h on a revolving shaker at room temperature. To achieve maximum magnification, the embryos were mounted in a vertical orientation, and blocks were cut using the HREM system (Indigo Scientific, Baldock, UK). Images of >1,500 sections (1.5 μm thick) were captured, stacked, and processed using Fiji software (Schindelin et al., 2012) and 3D reconstruction was performed using Amira software (FEI, Hillsboro, Oregon USA).
Whole-Mount Confocal Imaging Fixed wholemount blastoderms were stained with DAPI (4 ,6-diamidino-2-phenylindole, dihydrochloride, Sigma D9542, Rehovot, Israel) for 1 h at room temperature and cleared with glycerol at 4
• C (Sigma G5516) for 36 h. Stained whole-mount blastoderms were horizontally embedded between two coverslips in Immu-Mount (Thermo Scientific, REF. 9, 990, 402, Waltham, MA) mounting medium.
Blastoderms were screened by laser confocal microscopy (Leica TCS SPE, Wetzlar, Germany). For each embryo, nine 0.036 mm 2 regions, corresponding to 2.5 to 4.5% of the total embryonic area depending on blastoderm size, were defined as illustrated in Figure 3A . The entire depth of each area, typically 80 to 100 μm, was scanned using a 405-nm diode laser to allow for accurate separation and counting of nuclei and mitotic cells. Confocal images were processed using Leica Application Suite Advanced Fluorescence Lite software (LAS AF Lite, Leica) and counting was performed manually using the count tool of Adobe Photoshop software.
Cell-Suspension Analysis and Viability Assays
To determine the proportion of cell apoptosis and necrosis, cleaned blastoderms were dissociated using 500 μL Trypsin A solution (0.25% wt/vol trypsin, containing 0.02% wt/vol EDTA with phenol red) containing Hoechst 33,342 (20 μg/mL, hydrochloride, Cayman Chemical, Item No. 15,547, Ann Arbor, MI) for 30 min at 37.5
• C, with gentle shaking every 10 min. Trypsin's action was neutralized by adding 70 μL fetal bovine serum (Gibco, Waltham, MA). Dissociated blastodermal cells were washed and labeled with annexin V, and propidium iodide (PI) (Biolegend, Cat no. 421,301, San Diego, CA) as previously described (Hamidu et al., 2010) . Stained cells were then washed with 200 μL annexin-binding buffer and centrifuged for 5 min. Supernatant was discarded, leaving 10 μL of the solution with cells which was placed in a hemocytometer (Bright-Line, Sigma) and images were captured using a fluorescence microscope (Eclipse Ti, Nikon Instruments, Tokyo, Japan). Stained cells were clearly individually separable from yolk particles by morphological criteria and nuclear staining. Cells were classified as apoptotic or necrotic by far-red staining of annexin V and uniform staining of PI in the red channel, respectively. Among the annexin V-positive apoptotic cells, early apoptotic cells did not stain for PI whereas latestage apoptotic cells were PI-positive. After counting the total number of cells, the proportion of annexin V-and PI-positive cells was determined.
Statistical Analysis
All of the experimental results are presented as mean ± SEM. Statistical analysis was carried out using chi-square test and one-way ANOVA. If the ANOVA revealed significant effects, it was followed by Tukey's honest significant difference (HSD) test. The degree of association between the variables was quantified by Pearson r (correlation coefficient). Statistical significance was accepted when P < 0.05. The analyses were performed using JMP software (Statistical Discovery TM , SAS, NC, USA).
RESULTS
Developmental Stages of Freshly Laid Broiler Blastoderms
Some previous studies of the developmental stage of stored and freshly laid blastoderms were performed with White Leghorn strains; others with strains from early stages of the genetic cultivation, and some on broiler strains similar to those used in the current study (Ross 308; Reijrink et al., 2010; Bakst et al., 2012; Dymond et al., 2013) . However, this is the first such study using the 3D HREM imaging system (Figure 2 and Supplementary Movie S1) in comparison to conventional light microscopy ( Figure 1A-D) for blastoderm staging. We were able to clearly define the anteriorposterior embryonic polarity by identifying the position of Koller's sickle at high magnification, and to visualize the extent of anterior progression of the hypoblast layer.
Staging was performed in accordance with the normal developmental table of EG&K (Eyal-Giladi and Kochav, 1976; Kochav et al., 1980) . Briefly, stage X EG&K is defined by completion of AP formation. At this stage, polyingressing cells and cell clusters are visible on the ventral surface of the AP and their number, Figure 1 . In each panel, upper image shows ventral view of the whole embryo, middle image shows sagittal section in low magnification. Black lines indicate region that is magnified in the bottom image. In the upper panels, the borders between the AO and AP are delineated with a yellow line while the anterior boundary of the forming hypoblast is marked with a green line (B to D). The hypoblast appears as a smooth layer in contrast to AP regions which are not covered and contain polyingressing cells. AP regions which are lacking polyingressing cells also appear smooth. In the sections, Koller's sickle is clearly visible (red asterisks) as a "surging" structure from which the continuation of the hypoblast layer, advancing anteriorly, can be appreciated (yellow arrowheads in B to D). Note the forming blastocoel cavity between the hypoblast and the epiblast layers. To better appreciate the HREM model, see Supplementary Movie S1 in HD quality showing the embryo in B. AO-area opaca, AP-area pellucida, KS-Koller's sickle, Hy-hypoblast. Embryonic orientation indicator in A (A-anterior, P-posterior, R-right, L-left) applies to all panels. position, and distribution vary greatly among embryos. Notably, at stage X EG&K, no hypoblast cells in the posterior part of the embryo, adjacent to Koller's sickle, have formed ( Figure 1A , E). In the following stages, XI-XIII EG&K, the hypoblast forms in a posterior to anterior direction; at stage XI EG&K, the hypoblast covers one third of the AP ( Figure 1B , F and Supplementary Movie S1), at stage XII EG&K, it covers two thirds of the AP ( Figure 1C, G) , and by stage XIII EG&K, hypoblast formation is complete ( Figure 1D , H). When staging under a dissecting microscope, the morphological landmarks may not always be clear due to residual yolk particles, vague appearance of Koller's sickle (mainly at stage X, Figure 1A ) and the number of polyingressing cells which can differ greatly among embryos. Specifically, in a ventral view, these latter cells can be confused with a proper hypoblast layer. On the other hand, sectioning and modeling blastoderms with the HREM system (Figure 2 and Supplementary Movie S1) allows for very accurate morphological analysis . Freshly laid embryos were isolated, cleaned of yolk, fixed, stained with DAPI, and scanned by laser confocal microscope. A: Schematic representation of scanned regions in each embryo. Nine regions were defined. The area of each region was 0.036 mm 2 and the cumulative examined area was between 2.5 and 4.5% of the entire embryonic surface, depending on blastoderm size. In each region, the entire depth of the embryo was scanned. B: Single confocal section showing nuclei at interphase and nuclei during the mitotic phase (arrows) and interphase (arrowheads). The nuclei from each stack of images were manually counted and the total number of nuclei was calculated with respect to the surface area of the area opaca and area pellucida. C: Total count of nuclei in successive stages X to XIII EG&K. At stage X EG&K there were ∼60,000 cells, and their number increased gradually to ∼130,000 at stage XIII EG&K. D: Distribution of nuclear count between the area opaca and the area pellucida. The total number of nuclei was calculated for each area separately. While in the AP there was no significant (P = 0.2) change in the number of nuclei (although a moderate trend is observable), the increase in the AO throughout stages X to XIII EG&K was highly significant (P = 0.04). E: Mitotic index was calculated as the proportion of nuclei in mitosis out of the total count; ∼1.5 to 3% of the nuclei were in mitosis. No significant differences in mitotic index were observed among stages X to XIII EG&K (P = 0.28) or between the AO and the AP (P = 0.45). The bars separated by different letters are significantly different, P < 0.05. using the high resolution and magnification provided by the system. Notably, Koller's sickle can be visualized from any angle, thus allowing for accurate determination of the anterior-posterior orientation, which is the first step in staging embryos undergoing blastulation. The hypoblast, which progresses anteriorly, is also highly distinguishable from the polyingressing cells and cell clusters ( Figure 2B , C, and Supplementary Movie S1). While the polyingressing cells appear as discrete clusters with a rough surface, the hypoblast appears as a continuous sheet emanating from Koller's sickle with a smooth, single-cell-thick surface. The forming blastocoel cavity between the epiblast and the hypoblast can also be easily demonstrated at stages XI-XIII EG&K ( Figure 2B-D) .
Total Cell Number and Mitotic Index
When staging freshly laid blastoderms, we identified a range of developmental stages spanning from X to XIII EG&K (Figures 1, 2) . To further characterize the differences between the stages at the cellular level, we evaluated the total cell number for each stage. Wholemount embryos were stained with DAPI, and confocal Z-stack images were taken from 9 regions, 4 in the AO and 5 in the AP, as illustrated in Figure 3A . The number of cells in each scanned region from the same area (AP or AO) was found to be statistically similar, thus accurately reflecting the total number of cells in the entire area. These regions cover between 2.5 and 4.5% of the total embryonic size, depending on blastoderm surface area. The smallest blastoderm that was analyzed was 7.5 mm 2 and the largest 11.5 mm 2 . Cells from three embryos at each developmental stage, X-XIII EG&K, were manually counted. A representative single confocal scan is depicted in Figure 3B and a summary of all counts is presented in Figure 3C . We found a total number of nuclei at stage X EG&K of ∼60,000, and increases to 90,000, 110,000, and 130,000 at stages XI, XII, and XIII EG&K, respectively ( Figure 3C ). Interestingly, parting of these results to AP and AO regions revealed that the increase in total cell number is accounted for by the increase in cells in the AO (between stages X to XIII EG&K, P = 0.04), whereas in the AP, an increasing trend was observed but was not statistically significant (P = 0.2, Figure 3D ). To better assess the viability and proliferative state of blastodermal cells, we calculated the mitotic index, which reflects the percentage of cells at the mitotic stage of the cell cycle, out of the total nucleus count. The mitotic index of the freshly laid embryos was 2.39% ( Figure 3E ) and there were no significant changes in this parameter with developmental stage (P = 0.28) or embryonic region (AO vs. AP, P = 0.45). Taken together, our data show that the number of cells that occupy the embryo doubles during the blastulation process, which corresponds to 10 to 12 h of development.
Cell Viability and Mortality
The amount of living cells populating the blastoderm is a result of cell proliferation, as indicated by the mitotic index, and cell death, mainly by apoptosis or necrosis. Blastodermal cell death, by apoptosis or necrosis, has been shown to increase following prolonged storage (Hamidu et al., 2010) . These distinct cell-death pathways likely contribute to the embryos' inability to resume development after diapause, resulting in embryo mortality. Thus, to better understand the reasons for embryo mortality, discrimination between the two pathways is necessary.
To study the contribution of cell death to the total number of embryonic cells in the freshly laid eggs, isolated embryos were trypsinized to obtain a singlecell suspension that was stained with PI and annexin V. Hoechst nuclear staining enabled discrimination between yolk vesicles and nucleated cells. Combining these labeling approaches allowed for quantification of the early apoptotic cells, which are only positive for annexin V (Figure 4A ), necrotic cells which are PI-positive but negative for annexin V ( Figure 4C ), and late apoptotic cells which are positive for both PI and annexin V ( Figure 4B ). Quantifying these data showed that only a minute cell population, out of the total number of cells at oviposition, are either dead or undergoing apoptosis. Of these, 1.335% of the cells are in early stages of apoptosis whereas 0.97% of the cells are in late stages of the apoptotic process. Moreover, we found that 3.61% of the cells die by necrosis ( Figure 4D ). There were no significant differences between the developmental stages with respect to the measured parameters (P > 0.05).
Taken together, our results demonstrate that the net increase in total cell number, which doubles from stage X EG&K to stage XIII EG&K in embryos at oviposition prior to storage and incubation, is due to cell proliferation, as indicated by the mitotic index, and cell mortality by apoptosis and necrosis. These parameters can thus serve as reliable milestone markers for embryonic viability during storage and prior to incubation.
Developmental-Stage Distribution of Freshly Laid Eggs from Young and Old Flocks
We isolated, staged and analyzed 69 embryos ( Figure 5A ), 22 of them by HREM as well ( Figure 2A) ; in young flocks, >50% of the embryos presented hypoblast formation which covered up to one third of the posterior surface of the AP, indicating that they had reached stage XI EG&K (Figure 1B, F) . In <25%, was (Eyal-Giladi and Kochav, 1976; Kochav et al., 1980) . The predominant stage was XI EG&K. B: Similar analysis of embryos from an old laying flock (63 wk of age, n = 32). No embryos were found to be at stage X EG&K, and the predominant stage was XII EG&K. The statistical significance was evaluated by chi-square test and bars separated by different letters are significantly different, P < 0.05. there a fully formed AP but no detectable hypoblast layer, indicating that these embryos are at stage X EG&K ( Figure 1A , E). The rest of the embryos were at either stage XII or stage XIII EG&K, with hypoblast covering twothirds and all of the epiblast layer, respectively ( Figure 1C , G, and D, H, respectively). We were unable to detect freshly laid blastoderms at stage XIV EG&K with observable primitive streak formation, or embryos younger than stage X EG&K (Figure 2) . Similar analysis of 32 freshly laid blastoderms from the 63-wk-old flock ( Figure 5B ) revealed that these embryos are predominantly at stage XII EG&K (62.5%); a quarter of them were at stage XIII EG&K, whereas only 12.5% were at stage XI EG&K ( Figure 2B ). Thus, comparing the old flock to the young flock, we found a shift by one stage of the predominant developmental stages, corresponding to about 4 h of incubation. Notably, of all of the eggs that were purchased for our study, >98% from the young flock and ∼80% from the old flock, were found to be fertilized.
Egg weight is known to be positively correlated with the chick body weight. Thus, we analyzed the correlation between: 1) embryonic developmental stage and egg weight and 2) the developmental stage and the diameter of the blastodermal disk. In both cases, we found a minor positive correlation, suggesting that embryos in larger eggs tend to be at a more advanced developmental stage than in lighter eggs (r = 0.40, Supplementary  Figure S2) , and more advanced embryos tend to have a larger diameter (r = 0.44, Supplementary Figure S3 ).
DISCUSSION
Embryonic Developmental Stage at Oviposition
Since Eyal-Giladi and Kochav's (1976) publication, many studies have confirmed that the predominant developmental stages at the time of oviposition or following short-storage duration are around stage X EG&K (Fasenko et al., 2001a, b; Reijrink et al., 2010; Bakst et al., 2012) . Importantly, in the study by Fasenko et al. (2001b) , none of the examined embryos were found to be at stage XI EG&K. Moreover, in a comparative study of developmental stages between chicken and turkey embryos, the freshly laid chicken embryos were also described to be at stage X EG&K (Bakst et al., 1997) .
In this study, we describe the first practical application of the novel HREM modeling system to study the morphology of early stage chicken embryos. Using this high-resolution imaging system combined with standard microscopy, we analyzed 101 embryos from freshly laid broiler eggs from 32-and 63-wk-old flocks (Figure 5A, and B, respectively) . These techniques allowed us to visualize, in fine detail, Koller's sickle and hypoblast formation during the blastulation process. Our results clearly show that the developmental stage of the modern broiler embryos at oviposition is predominantly XI EG&K (56.5%). In terms of incubation time, the difference between stage X EG&K and stage XI EG&K corresponds to 3 to 4 h of development. Moreover, only 24.6% embryos showed no signs of a hypoblast layer, placing them at stage X EG&K. Importantly, 14.5% and 4.4% of the embryos were found to be at stages XII and XIII EG&K, respectively. These results, which differ somewhat from previous studies, may reflect strain and/or environmental variations, as well as the methodological means used for staging. However, it is plausible to assume that these differences reflect genetic alterations in the broiler over the last few decades due to the cultivation process (Zuidhof et al., 2014) . Notably, the modern laying broiler hen is significantly larger than its predecessors, and it can be speculated that the uterine period has been extended, perhaps due to an extension of oviduct length leading to increased time required for producing and laying larger eggs. In addition, even a minute elevation in body temperature due to increased metabolic activity might induce more rapid development rate prior to oviposition.
Supporting these assumptions, an analysis of embryos from the old flock showed that the predominant stage of the freshly laid embryo is XII EG&K, suggesting that the uterine period in these birds is extended compared to young birds and/or that the developmental progress is more rapid. Notably, no stage X EG&K embryos were found in freshly laid eggs from the old flock.
The ability to store eggs for prolonged periods is a desirable feature in the poultry industry. However, embryonic diapause is restricted to a narrow developmental time window. The changes that we observed in developmental stage at oviposition may therefore affect the ability to store eggs for long duration if this trend continues in future generations.
Total Cell Count and Cell Viability
The total number of living cells in the freshly laid embryo, as well as following storage, is clearly an important factor in embryo survival and hatchability. This matter has therefore been extensively studied for many years. The total number of blastoderm cells was first reported in a series of studies by Haas (1960, 1967) who found it to be around 60,000. Kochav et al. (1980) provided further data on cell number based on 1-to 2-μm medial sagittal sections starting from uterine stage embryos. That study showed that the total cell number per section increases slowly during the first three stages, followed by a dramatic increase between stages III and VII EG&K. Thereafter, a moderate increase from stages VII to IX EG&K was followed by a decrease in cell number from stages IX to X EG&K due to cell death. From stage X EG&K onward, the cell number increased again. However, the total blastodermal cell number for embryonic developmental state was not calculated in that study. In several other studies, the total number of blastodermal cells was calculated. Petitte et al. (1990) reported blastoderm cell numbers of 35,000 to 40,000, Etches and Petitte (1990) reported around 40,000 to 60,000, Bloom et al. (1998) estimated approximately 30,000 to 50,000, whereas Bakst and Akuffo (2002) , using the hemocytometer method, counted around 32,000 (±3,000) cells. Similarly, using FACS-based counting methods, Reijrink et al. (2010) reported a total number of cells on the first day of oviposition of ∼50,000. The numerical differences among studies probably reflect the different methodological approaches, as well as the different strains and breeds used.
In this study, using confocal microscopy, we directly counted the total number of cells in whole-mount embryos at stages X-XIII EG&K. The use of confocal microscopy has the advantage of allowing cell counts in the whole-mount embryo without the need to section it or to dissociate the cells. The total scanned area covered about 2.5 to 4.5% of the entire embryonic surface and calculations were made accordingly. In agreement with some of the previous studies, we found that at stage X EG&K, the embryos are composed of ∼60,000 nucleated cells. However, in freshly laid eggs that were at a more advanced stage, the total number of cells gradually increased until it had doubled, at stage XIII EG&K. Interestingly, the major contributor to this increase was cell proliferation in the AO, while the number of cells in the epiblast-hypoblast increased only moderately. In addition to cell counting, we found the mitotic index to be around 2% with no significant differences between the analyzed developmental stages (P = 0.28).
Cell death is critically important for embryonic survival. Nevertheless, cell death processes have been shown to be a part of a normal development and massive cell death have been indicated at stages VII-IX EG&K as a natural mechanism in the formation of the singled layer AP. Evidence of necrosis, apoptosis, regressive changes, and shrinkage of blastodermal cells with respect to storage temperature and time has been reported in previous studies (Bloom et al., 1998; Bakst and Akuffo, 2002; Fasenko, 2007) . In this study, we characterized cell mortality prior to storage or incubation. We used combined labeling with annexin V and PI to discriminate between early apoptotic, late apoptotic, and necrotic cells. Using fluorescence microscopy, bright-field images and nuclear staining, we were able to morphologically discriminate between yolk practices and cells, thus enabling manual counting of the apoptosis/necrosis proportion. Our study showed that at oviposition, there is relatively little cell death of any of the three types. These findings are important for the characterization of the embryonic state of the freshly laid egg as they serve as a landmark to begin studying the effects of different storage conditions on blastodermal cell viability and mortality.
Taken together, when considering that oviposition occurs ∼22 h after fertilization and the total number of cells that make up the freshly laid blastoderm is at least 60,000 (approximately 16 divisions), the calculated length of the average cell cycle is ∼80 min. However, given that in the meroblastic cleavages of the first blastomeres at stages I to III EG&K, the cell cycle is much slower, and between stages VI and IX EG&K there is substantial cell death (about 70%) (Kochav et al., 1980) , the actual cell cycle is probably even more rapid. We found that in the transition between stage X and XIII EG&K the total cell count doubles and that there is no extensive cell death. Thus, given that the time between these stages is 10 to 12 h, the net increase in cell number, which reflects the contributions of cell proliferation and cell death, suggests that during hypoblast formation stages there is a dramatic reduction in cell cycle rate, to ∼8 h, compared with the average rate at stages I-X EG&K.
The current study characterizes critical criteria for embryonic state at the start of the diapause period, when fertile eggs are stored. These criteria can serve as milestone parameters to study the effects of different storage conditions on embryonic survival and hatchability. Moreover, these criteria can help better understand the causes of early embryonic mortality following prolonged storage.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online.
Supplementary Movie S1. HREM 3D reconstructed model of stage XI EG&K blastoderm. Watching in full HD quality with audio is recommended. Figure S1 . Rate of temperature drop in freshly laid eggs. Twenty freshly laid eggs (10 smallest eggs having an average weight of 54.7 g and 10 largest eggs −66.6 g) were warmed to 39.5
• C and were left to cool to ambient temp (23 • C). Temperature was measured every 15 min. The warm eggs needed to cool for approximately 3 h to reach ambient temperature. These data were used to verify that the collected eggs used in this study were laid within <3 h. Only freshly laid eggs which were above the ambient temperature were analyzed. Figure S2 . Egg weight vs. developmental stage: 69 eggs were collected from the young flock (32 wk), numbered, weighed, and the blastoderms were isolated. The isolated blastoderms were individually staged according to the normal developmental table of EG&K. The data show the association of egg weight to EG&K developmental stage of the blastoderm. A slight positive correlation (r = 0.40) between egg weight and developmental stage of the blastoderm was observed. Figure S3 . Embryo diameter vs. its developmental stage: 69 eggs from young flocks were collected, isolated, photographed, staged, and their diameter was measured as described in Materials and Methods. The data show an association between embryo diameter and it's EG&K developmental stage. A weak positive correlation (r = +0.44) between the diameter and developmental stage of the blastoderm was observed.
